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Quantitative SPECT reconstruction
Quantitative SPECT reconstruction should result in tomographic images where voxel values are proportional to the true distribution of radio-ligand concentrations at every temporal period. Mathematical kinetic models can be applied to estimate physiological functional images, as is established in positron emission tomography (PET). Practical requirements in SPECT have extensively been discussed in earlier articles (1, 2) . Despite a relatively long history of cardiac SPECT imaging, there have been only limited attempts to quantitatively assess physiologic parameters. This is largely attributed to the limited sensitivity and resolution of SPECT devices as compared with PET, and the complexity of attenuation and scatter correction for SPECT, particularly in the heterogeneous thorax (Fig. 1) . In addition, general use of filtered back projection reconstruction for data collected with 180°views to improve qualitative image appearance does not lend itself well to quantitative studies. In brain, SPECT has been well accepted for assessing quantitative parametric images of cerebral perfusion (3, 4) other functions (5) (6) (7) (8) . Acquisition of 360 degree data with avoidance of truncation is a standard and essential protocol.
Appropriate corrections for attenuation and scatter have also been suggested (1, 2) , in order to provide accurate images. Fig.   2 demonstrates the importance of corrections for both attenuation and scatter, significantly improving quantitative accuracy. In this data, the same methodology has been applied to rMBF quantification, using the same reconstruction as has been utilized for brain ( Fig. 3a) (2) . Parallel-beam collimated multiple line sources were used in the transmission measurement, and the quantitative μ-value was 0.167 cm -1 in the left ventricular chamber for 99m Tc energy range (9) . It should be noted that the validation of the performance, particularly the quantitative accuracy, by using various geometrical phantoms containing known radioactivity distributions is important (Fig.   3b ). Although much less common, absolute physiological parameter estimation in the myocardium was shown to be feasible using clinical SPECT systems, and has been successfully applied to dynamic 201 Tl SPECT to assess quantitative rMBF at rest and after pharmacological challenges (2, 9) . It is obvious that, because of the need for 360°a cquisition and avoidance of truncation, the quantitative reconstruction places additional requirements on the SPECT data collection and processing over current standard clinical protocols. While attenuation correction techniques are well established, care has to be taken in the choice of scatter correction algorithm in order to maintain quantitative accuracy and to avoid artifacts (10) (Fig. 4) . A camera capable of performing dynamic SPECT has been required, and the short frame times and relatively poor sensitivity of SPECT require methodology capable of handling the noisy data.
Requirements for the radio-tracer
It should be noted that the limitations in SPECT mentioned above are reflected in the SPECT radiotracer development.
Most tracers do not achieve a trans-capillary extraction (firstpass extraction fraction) high enough to support uptake linearly coupled to the true flow, though this is an essential requirement for absolute quantification over a wide physiological range (Fig. 5) . Instead, emphasis has been placed on tracers, whose uptake remains relatively constant over the long imaging times typically associated with SPECT, and which provide good contrast between the myocardium and adjacent structures (e.g. liver) allowing delayed imaging when some of the background activity has diminished. Tracers, such as 99m Tc-teboroxime, with properties well suited to measuring perfusion (11) (12) (13) , but requiring rapid SPECT due to fast Illustration of attenuation and scatter in SPECT. Attenuation causes a reduction in measured counts, particularly in deep structures, while scatter causes mis-positioning of detected counts. Both effects have to be accurately corrected for quantitative regional activity measurement.
Fig. 2
Comparison of tomographic images obtained from a typical normal volunteer (22-year-old male) after 201 T1 injection. In the image without attenuation or scatter correction (NoAC. NoSC), radioactivity is clearly underestimated in the posterior wall region. Attenuation correction (AC using a measured μ-map obtained from the transmission CT (TCT), but without scatter correction (AC, NoSC), overcompensated for attenuation in the posterior region, causing an apparent anterior wall defect. When both attenuation and scatter corrections are applied with an appropriate μ-map (AC. SC), radioactivity distribution is reasonably homogeneous along the myocardial wall. Figure is reproduced from a reference (2) with modification. Fig. 3 a Schematic diagram of an example SPECT reconstruction software employed in earlier studies to quantitatively assess rMBF using 201 Tl (9, 23, 24) . For the reconstruction in the thorax region, CT-derived attenuation μ-images should be provided. Attenuation projection data are generated, from which, together with the emission projection, the scatter projection data is generated. The images are then reconstructed from the scatter-corrected projection data using the ordered-subset expectationmaximization (OSEM) algorithm. The attenuation process is implemented during the OSEM reconstruction using the CTderived μ-map. b Example results from a series of physical phantom experiments. By scanning a syringe containing known radioactivity, the reconstructed images are calibrated. Entire radioactivity was then filled to the cylinder phantom, and also to the pyramid phantom. Uniformity and consistency of the radioactivity concentration relative to the syringe radioactivity can be evaluated. Radioactivity was also filled into a cylindrical wall placed eccentrically in the water-filled cylinder phantom. Homogeneity along the ring wall can demonstrate the adequacy of reconstruction procedures including all corrections. Seven line sources are also filled with radioactivity, and spatial resolution, and homogeneity of the radioactivity are evaluated for each source, both in the air, and also in a cylinder filled uniformly with water. A Symbia T6 SPECT scanner fitted with LEHR-parallel collimator was used, and all experiments were performed with 99m Tc. Results from a Monte-Carlo Simulation on a thorax phantom containing a ring-shape structure with homogeneous radioactivity concentration in the myocardial region. Energy spectra of photo-electric and scattered events from the frontal view, A (a), and from the posterior view, B (b). Scatter-corrected counts estimated by the triple-energy window (TEW) technique for the projection views of A and B is plotted as a function energy window setting in (c). As a result of different amount of scattered events with TEW, the reconstruction failed to reproduce homogeneous myocardial wall (d). See also results from the phantom experiment shown in a Three situations of radio-ligand uptake to tissue from the capillary bed. In an ideal situation, radio-ligand has the maximum first-pass extraction, so that all activity is transported to the tissue. Thus the uptake rate of the radio-ligand becomes identical to the rate of the tracer supplied to the system, namely the flow rate. In a realistic situation, however, some fraction cannot be transported to the tissue, so that uptake rate is systematically smaller than the flow rate. In this situation, when flow is elevated, the fraction of transport is decreased due to the reduce reaction time through the capillary bed, thus flow can be further underestimated. b The magnitude of the underestimation in measured flow depends on the flow values; the higher the flow, the more significant the underestimation is. The magnitude of the underestimation also depends on the radio-ligand. (Fig. 7a) . They also showed that quantitative reconstruction plays an important role, if one requires quantitative assessment (Fig. 7b) . It was then demonstrated that the absolute myocardial blood flow assessed with the table-look-up approach was significantly higher during the exercise test than that assessed at rest in patients with no evidence of myocardial ischemia or infarction (Fig.   7c) , and that the absolute flow values were significantly correlated to the maximum rate-pressure product (RPP) during the bicycle ergometer test (Fig. 7d) the accumulation rate of 99m Tc-tetrofosmin in tissue has been considered to be identical to the supply rate of this tracer into the capillary bed, and therefore should represent regional flow (26) . However, 99m Tc-tetrofosmin uptake can be modified by the Na+/H+ antiporter and mitochondrial un-coupler, suggesting that the 99m Tc-tetrofosmin uptake can be influenced by the membrane potential and mitochondrial integrity (27) (28) (29) (30) . It was also shown that myocardial Tl by means of the table-look-up approach. The technique similar to that used in in vivo autoradiography in quantitative cerebral perfusion scans. Exercise or pharmacological challenges can be given before and during 201 Tl injection. b Impact of quantitative reconstruction on the myocardial images. Posterior-to-frontal count ratios are significantly smaller than unity if correction is not applied for attenuation and scatter. Quantitative reconstruction using the QSPECT software improved and resulted in the count ratio which is not significantly different from unity. c rMBF was significantly higher when studied during the bicycle ergometer exercise test as compared with at rest, where the exercise was carried out until the heart rate reached 85% or more of the age-predicted maximum value. Comparison of mean myocardial blood flow (MBF) (mL/min/ mL) and relative 99m Tc-tetrofosmin uptake in normal and metabolism-perfusion mismatch (MMPM) regions.
99m Tctetrofosmin uptake values are normalized to respective patient's maximum uptake region, set as 100%. Significantly reduced uptake of 99m Tc-tetrofosmin in the MPMM region was shown to maintain absolute MBF as assessed with 15 O-water PET. 
